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Abstract
The Plains CO2 Reduction (PCOR) Partnership performed a wellbore integrity assessment of wells penetrating the basal 
Cambrian system in the United States. The ability of the system to retain injected CO2 over an extended period of time is, in part, 
dependent on the integrity of wellbores that penetrate the target reservoir. This study’s evaluation of wellbore integrity involves 
analyzing wellbore characteristics to derive a relative leakage potential score. The results of this evaluation determined that 15% 
of the wells assessed were classified as having moderate or higher potential for deep well leakage.
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1. Introduction
The process of carbon capture and storage (CCS) in geologic media has been identified as an important means of
reducing anthropogenic greenhouse gas emissions entering the atmosphere [1]. Several categories of geologic media 
for the storage of carbon dioxide (CO2) are available, including depleted oil and gas reservoirs, deep brine-saturated 
formations; CO2 flood enhanced oil recovery operations, and enhanced coalbed methane recovery.
Depleted hydrocarbon reservoirs have demonstrated storage and confinement properties by having previously 
stored oil and/or gas resources for millions of years. The quest to discover and extract hydrocarbon resources has 
provided a broad base of understanding about the subsurface in oil- and gas-producing areas. A potential challenge 
associated with the use of depleted oil and gas reservoirs for CO2 storage is the numerous wells drilled in these 
areas, which may impact storage security [2]. Deep saline formations are more widespread and, theoretically, have 
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correspondingly larger storage capacities. Deep saline formations may have fewer wellbore penetrations in areas 
without oil and gas exploration and production activities, which may improve storage security.
The basal Cambrian system is a deep saline formation that has been identified by the U.S. Department of Energy 
(DOE) as a potential CO2 storage site. The basal Cambrian system spans a region that includes parts of both the 
United States and Canada. On the U.S. side of the border, the basal Cambrian system covers an area of 
approximately 507,155 square kilometers (195,814 square miles) and occurs in the states of Montana, North Dakota, 
and South Dakota (Fig. 1); on the Canadian side of the border, it encompasses nearly 811,345 square kilometers 
(313,285 square miles) in the provinces of Alberta, Saskatchewan, and Manitoba. A binational effort between the 
United States and Canada characterized the lowermost saline system in the Williston and Alberta Basins of the 
northern Great Plains–Prairie region of North America in the United States and Canada. This 3-year project 
conducted with the goal of determining the potential for geologic storage of carbon was led on the U.S. side by the 
Energy & Environmental Research Center (EERC) through the Plains CO2 Reduction (PCOR) Partnership and on 
the Canadian side by Alberta Innovates Technology Futures (AITF) [3,4,5,6]. This work evaluates one component 
of CO2 storage in the basal Cambrian system: the integrity of wellbores that penetrate the system.
1.1. Wellbore integrity background
For CCS to be successful, a CO2 storage formation needs to meet three fundamental conditions: 1) capacity, 
2) injectivity, and 3) confinement [7,8,9,10]. The targeted CO2 storage formations in the basal Cambrian system 
have demonstrated the capacity and ability to hold materials such as oil, natural gas, or saline water. Wellbore 
integrity is the ability of a well to maintain isolation of geologic formations and prevent the vertical migration of 
fluids [7,11]. Wellbore integrity is crucial because any leakage of CO2 poses a potential risk to surrounding 
groundwater, vegetation, and wildlife. In addition, it diminishes the quantity of CO2 for which storage credits can be 
claimed as part of either monetary agreements or regulatory compliance. For the purposes of this study, leakage will 
be defined as a loss of CO2 or other fluid from its intended storage formation and not necessarily as a loss to the 
atmosphere. 
For a CO2 leak to occur, there are three elements that must exist: 1) a leak source, 2) a driving force such as 
buoyancy or head differential, and 3) a leakage pathway [12]. When evaluating the potential of CO2 leakage at a 
carbon storage site, the first two elements are presumed to already exist. The injected CO2 is the leak source, and the 
driving force is CO2 buoyancy and, potentially, the increased subsurface pressure caused by the CO2 injection [12]. 
The leakage pathway is the third element required for a leak to occur.
Fig. 1. Location of basal Cambrian system.
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Wells are one possible pathway for CO2 to escape the storage formation [13] (Fig. 2). CO2 could leak along 
interfaces between different materials, such as the steel casing and cement interface (2a), cement plug and steel 
casing interface (2b), or rock and cement interface (2f). Leakage could also occur through cement (2c) or fractures 
in the cement (2d and 2e). Finally, leakage may also occur because of casing corrosion and subsequent failure 
leading to large leakage pathways, with the wellbore as a conduit.
The goal of this study is to assign a relative risk score for deep and shallow well leakage for wells penetrating the 
basal Cambrian system on the U.S. side of the U.S.–Canadian border as part of DOE efforts to identify potential 
CO2 storage sites. It is important to note that the assignment of these relative leakage potential scores is solely for 
purposes of internally comparing and contrasting the different wellbores within this portion of the system. The 
assignment of individual relative leakage potential scores to the wellbores means that wellbores can be assigned a 
priority for further investigation, analysis, and monitoring in areas targeted for CO2 injection. Site-specific risk 
analysis within these target areas would trigger a more detailed assessment of those wells identified for further 
investigation. Potentially leaking or high-risk wells could be addressed using established remediation programs 
employing current well mitigation technologies. As such, it is an internal assessment of the potential associated with 
that wellbore relative to all of the other wellbores and does not represent an absolute assessment of its potential to 
impact the proposed carbon storage within the basal Cambrian system.
2. Leakage risk factors
Leakage pathways can be created during well construction, completion, production, and abandonment [7]. In 
addition to material selection and engineering design, the physical implementation and accurate reporting of drilling, 
completion, and workover activities are equally important factors in assessing the integrity of an individual well, 
albeit they are difficult to quantify. For example, wellbore integrity could be compromised during cementing 
operations by a variety of factors such as poor mud displacement prior to cementing, gas migration during the 
cement setting, stress crack and microannulus formation during well operation, inaccurate cement volume 
calculations, or incomplete mud removal resulting in poor bonding to formation rock.
Despite the challenges in classifying the potential for well leakage based on well files, methodologies have been
developed [2,12,14]. These papers outlined an approach that was implemented in the Canadian province of Alberta 
based on similar well data and, importantly, surface casing vent flow (SCVF) and gas migration (GM) data
beginning in 1995. These data were used to verify the methods developed to evaluate shallow well leakage potential.
Fig. 2. (a,b) Conceptual illustration of the potential leakage pathways for CO2 in a well along the casing–cement interface; (c) within the cement;
(d) through the casing; (e) through fractures; and (f) along the cement–formation interface (from Celia and others [9]). 
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SCVF is leakage of gas to the surface casing vent valve (always open) on the wellhead, and GM is a measurement of 
leakage of gas out of the ground around the wellhead [2].
Watson and Bachu [14] and Bachu and others [2] attempted to quantitatively classify the potential for shallow 
and deep wellbore leakage based on risk factors identified from their previous work in Watson and Bachu [12]. 
Shallow leakage refers to compromised hydraulic well integrity in the upper portion of the well, where shallow gas, 
if present, may leak upward, along the outside of the casing/wellbore annulus to shallow freshwater aquifers or 
through a casing leak and along the inside of the production casing to the surface [2]. Deep leakage pertains to 
leakage along the deep part of the well from the CO2 storage zone to adjacent permeable horizons [2]. The deep and 
shallow leakage factors are described as follows.
Bachu and others [2] provided a numerical score for deep and shallow leakage potential. This score indicates the 
relative likelihood that any one well may leak based on the factors evaluated; however, the score does not reflect the 
volume or impact of the leak. Significant factors such as the quality of the cementing work were not included 
because of the lack of such data. As a result, Bachu and others [2] identified low-risk wells that had a measured 
SCVF or GM leak. Likewise, wells ranked as higher risk did not necessarily have a measured SCVF or GM leak 
identified. Therefore, it should be recognized that this method is useful as a screening-level evaluation for the 
leakage potential of a group of wells but is limited by the nature and extent of the available data. Areas targeted for 
CO2 injection should be evaluated and/or monitored on a site-by-site basis based on the unique risk factors for the 
given project.
2.1. Deep leakage factors
Deep leakage is defined as leakage (cross-flow) from a target production zone or CO2 injection zone back into 
the wellbore (or outside the casing) where it moves upward into an adjacent permeable zone (productive zone or 
aquifer) [2]. The criteria that were used to assign deep leakage potential scores include fracture treatments, acid 
treatments, abandonment types (i.e., cast iron bridge plug), and completions. The production-related activities put 
more stress on the cement and casing at the target formation(s) and resulted in a higher risk for wellbore leakage. As 
the number of fracture treatments, acid treatments, or completions (i.e., perforations) increase, the potential leakage 
risk score also increases. The types of abandonment in this study area consisted primarily of cement plugs or cast 
iron bridge plugs. Cement plugs are generally considered more reliable, especially if they are placed in wellbores 
without production casing. Bridge plugs have been found to be more prone to corrosion and seal failure in the 
presence of CO2 [2] because of CO2 effects on the elastomers and metal used in the mechanical plugging device 
[12,15].
It is important to note that one deep well leakage factor was omitted from this study. Numerous studies have 
focused on the interaction between cement and CO2, but these studies have been inconclusive [2]. On one hand, 
bench tests of cement exposed to CO2 and CO2–brine mixtures (e.g., [16,17,18]) indicate that the CO2 or CO2-
saturated brine will react vigorously with the cement, degrading the cement’s ability to maintain vertical hydraulic 
isolation in the casing. However, other studies [7,19] suggest that cement with no fractures, voids, annulus gaps, 
etc., exposed to CO2 will form a carbonated, impermeable residue composed of Na–Al–Si. This impermeable 
residue forms a CO2 barrier, limiting degradation.
There is still debate as to cement’s role in wellbore integrity. While the type of cement and additives used may 
be important in determining the likelihood for leakage, the quality of the cement placement has an even higher 
impact on a well’s integrity. This factor was omitted as the well files in the basal Cambrian study area lacked 
sufficient cement and additive data to evaluate wellbore integrity.
2.2. Shallow well leakage factors
Shallow leakage refers to the well integrity in the upper portion of the well, where shallow gas, if present, may 
leak along the outside of the casing/wellbore annulus to shallow freshwater aquifers or through a casing leak and 
along the inside of the production casing to the surface [2]. It is important to note that potential gas leakage in this 
part of the well generally excludes CO2 gas. Potential CO2 injection would occur in basal Cambrian layers that are
found in the deeper portions of the well, which would be accounted for in deep well leakage, with the exception of a 
potential fracture in the cap rock of the target formation, thus allowing CO2 to migrate from the intended storage 
zone.
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Within the realm of CCS, shallow well integrity is important in wells that potentially have a deep well leakage 
issue. In the hypothetical event that there were a CO2 leak from the bottom of the wellbore, the shallow well 
integrity could contribute to the location and impact of a fluid migration.
The criteria that were used to assign shallow leakage potential scores include spud date, well type, total depth, 
additional plug near surface, and cement to surface. The spud date of a well indicates whether the well was drilled 
and completed during times of increased drilling activity, which, for this study, was 1974–1986. Watson and Bachu 
[12] correlated increased leakage rates with periods of increased activity. Well types refer to whether a well is 
drilled and abandoned (D&A); drilled, cased and abandoned; or active. Wells that are D&A are typically dry wells 
that do not have production casing extending to the bottom of the hole and are generally less prone to leakage [2] 
because the cement plugs tend to bond and seal better against the irregular surface of the open hole. As total depth 
surpasses 2500 meters, there is a slightly greater potential for leakage, likely due to deeper wells having generally 
larger uncemented intervals between the top of the cement in the production string and surface casing [12]. Setting 
an additional abandonment plug inside the well casing near the surface will augment shallow well integrity [2] by
providing another barrier to contain leakage that may occur in the well. Cement to surface is a measure of how high 
in the casing borehole the annulus production string cement was circulated. Low cement tops are a major 
contributing factor to SCVF or GM leaks, as drilling mud occupies the casing annulus above the cement top. 
3. Results
Information was collected for 826 wells penetrating the basal Cambrian system across the states of Montana, 
North Dakota, and South Dakota, and available well files were analyzed. Well data were collected from each state 
agency as follows: Montana Board of Oil and Gas, North Dakota Industrial Commission Oil and Gas Division, and 
South Dakota Department of Environment and Natural Resources.
Wells penetrating the basal Cambrian system were drilled between 1921 and 2010. The 1950s and 1980s yielded 
the highest frequency of wells drilled into the basal Cambrian system, ranging in depth up to 4875 meters. Eighty-
five percent of the wells are classified as plugged and abandoned; 14% are classified as active wells (production or 
injection); and the remaining 1% of the wells have been converted to water wells, been temporarily abandoned, or 
their status is unknown.
3.1. Deep well leakage evaluation
The risk factors that were evaluated are shown in Table 1. Each well received one score for each risk factor. 
Individual scores were multiplied together to produce a final relative risk score for the well. The score is indicative 
of the relative potential for any one well to leak based upon the factors evaluated; it does not indicate the size or 
impact of a leak that may occur. The overall score was then categorized as minimal potential, lower potential, 
moderate potential, and higher potential for deep well leakage (modified from Bachu and others [2]).
Of the wells evaluated, 15% fell in the moderate- to higher-potential categories, and, as seen in Fig. 3, the 
majority of these wells are found in western North Dakota and eastern Montana. The locations of these wells are 
known to be in an area of intensive oil and gas exploration and production. The practice of producing oil and gas 
from these wells has increased the deep well leakage potential scores based on the data and methods utilized.
Table 1. Deep leakage risk factors.*
Deep leakage factor Criterion Meets criterion value Default value
Fracture Count = 1 1.5 1
Fracture Count > 1 2 1
Acid Count = 1 1.1 1
Acid Count = 2 1.2 1
Acid Count > 2 1.5 1
Abandonment type Bridge plug 3 1
Abandonment type Not abandoned 2 1
Abandonment Type Unknown 2 1
Number of completions Count = 1 1.5 1
Number of completions Count > 1 2 1
* Modified from Bachu and others [2].
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3.2. Shallow well leakage evaluation
The risk factors that were evaluated for shallow leakage potential are shown in Table 2. Each well received one 
score for each risk factor. Individual scores were multiplied together to produce a final relative risk score for the 
well. The score is indicative of the potential for any one well to leak based on the factors evaluated; it does not 
indicate the size or impact of a leak that may occur. 
Of the wells evaluated, 6.0% have a moderate or higher potential for shallow leakage based on the study methods
and available data. Fig. 4 shows that the majority of higher- and moderate-potential wells are found in the western 
North Dakota–eastern Montana area. The locations of these wells are known to be in an area of intensive oil and gas 
exploration and production. The practice of producing oil and gas from these wells has increased the shallow well 
leakage potential scores.
Fig. 3. Deep well risk scores for the study area.
Table 2. Shallow leakage risk factors.*
Shallow leakage factor Criterion Meets criterion value Default value
Spud date 1974–1986 3 1
Well type Drilled and cased 8 1
Well type D&A with casing 3 1
Well total depth >2500 meters 1.5 1
Additional plug No 3 1
Additional plug Unknown 2 1
Cement to surface No 5 1
Cement to surface Unknown 3 1
* Modified from Bachu and others [2].
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Fig. 4. Shallow well risk scores for the study area.
4. Summary
For CCS to be successful, a CO2 storage formation needs to meet three fundamental conditions: 1) capacity, 
2) injectivity, and 3) confinement [7,8,9,10]. One component of confinement is evaluated based on the integrity of 
wellbores that penetrate the storage formation. Wellbore integrity is the ability of a well to maintain hydraulic 
isolation of geologic formations and prevent the vertical migration of fluids [7,11]. Wellbore integrity is crucial 
because leakage of CO2 may pose a potential risk to surrounding groundwater, vegetation, or wildlife and to 
accurately account for injected CO2.
Eight hundred twenty-six wells, which were drilled between 1921 and 2010, penetrate the basal Cambrian 
system across Montana, North Dakota, and South Dakota. These wells were analyzed to assess the deep and shallow 
well leakage potential by modifying methods developed by Bachu and others [2] and Watson and Bachu [14]. Deep 
leakage is defined as leakage (cross-flow) from a target production zone or CO2 injection zone into the wellbore (or 
outside the casing) and vertically into an adjacent permeable zone (productive zone or aquifer) [2]. Deep leakage 
risk factors, including fracture and acid treatments, abandonment plug type, and completions, were used to compile 
an overall deep well leakage potential score. The deep well leakage potential is classified from minimal potential to 
higher potential, which indicates the relative likelihood of a leak happening based on the evaluation criteria. Shallow 
well risk factors used to produce a shallow well leakage potential score include spud date, well type, total well 
depth, existence of an additional plug near the surface, and depth of top of cement. The shallow well leakage 
potential is classified from minimal to higher potential. The shallow well leakage potential (SLP) and deep well 
leakage potential (DLP) scores do not indicate the size or impact of a leak that might occur but only the relative 
probability of a leak occurring. 
Fifteen percent of the wells assessed were classified as moderate or higher potential for deep well leakage, and 
6.0% of the wells were classified the same for shallow well leakage. The majority of the moderate- or higher-
potential wells, for both DLP and SLP, are located in western North Dakota and eastern Montana (Figs. 3 and 4).
The locations of these wells are known to be in an area of intensive oil and gas exploration and production. The 
practice of producing oil and gas from these wells has increased the well leakage potential (based on the available 
data and methods utilized) and, in the event of a future CCS project, would require additional screening criteria. 
When looking at the deep well leakage potential, the wells with the lowest potential were frequently dry holes, 
which did not receive any perforations, fracture treatments, or acid treatments. These dry holes were frequently 
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abandoned using cement plugs that seal more efficiently against the irregular wall of the open hole. Many of the 
minimal potential wells were drilled during the 1960s or earlier, when a majority of wells were drilled in search of 
oil and often produced no hydrocarbons. 
The 1970s and 1980s showed an increase in focus in the western North Dakota and eastern Montana area as oil 
was discovered and the demand was high, increasing oil prices. The success in finding oil in this area led to 
increased perforations, acid treatments, and occasional fracturing. This activity directly contributed to the increase in 
the shallow and deep well leakage potential score.
While these methods indicate a higher relative potential for well leakage (based on the analysis assumptions and 
scoring assigned), the quality of the drilling, casing, cementing, and completion practices is extremely important in 
determining the actual (as opposed to relative) potential of a well leaking. The study methods provide a good 
screening-level assessment to rank wells that may require further investigation as part of a CCS project. The ranking 
of the relative leakage potential provides a mechanism to screen wells for detailed evaluation in areas being targeted 
for CO2 injection. Potentially leaking or high-risk wells could be addressed using established remediation programs 
employing current well mitigation technologies or appropriate monitoring during CO2 injection.
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